In this paper we investigate the relationship between crude oil and gasoline prices and also examine the e¤ect of oil price uncertainty on gasoline prices. The empirical model is based on a structural vector autoregression that is modi…ed to accommodate multivariate GARCH-in-Mean errors, as detailed in Elder (2004) and Elder and Serletis (2010) . We use monthly data for the United States, over the period from January 1976 to September 2014.
Introduction
The typical consumer of gasoline believes that gasoline prices respond faster and by more to positive oil price shocks than to negative ones. As Du¤y-Deno (1996, p. 81) puts it, "in response to higher crude oil prices and, hence, higher wholesale prices, retail (pump) prices rise quickly and completely. But when wholesale prices decline, retail prices fall at a much slower rate and may not fully adjust to the lower wholesale price environment." This asymmetric relationship is described by Bacon (1991) as 'rockets and feathers' -in the sense that gasoline prices rise rapidly like rockets in response to crude oil price increases, but fall slowly like feathers in response to crude oil price declines. The public seems to treat the asymmetric relationship between crude oil and gasoline prices as the evidence of the non-competitive petroleum market, which would suggest government intervention to prevent 'unfair pricing'-see discussions by Brown and Yücel (2000) . On the other hand, no policy response is required if gasoline prices respond symmetrically to crude oil price changes.
A number of theoretical studies have attempted to investigate the asymmetric relationship between crude oil and gasoline prices, with a variety of explanations, including adjustment of production and inventory cost of crude oil, oligopolistic coordination theory, and search theory -see, for example, Borenstein et al. (1997) and Peltzman (2000) . In the empirical literature, the 'rockets and feathers' behavior has been mostly investigated using monthly or weekly data to check the speed of pass-through from oil price changes to gasoline price changes and the asymmetry in the response to positive and negative oil price shocks. With the exception of Davis and Hamilton (2004) and Douglas and Herrera (2010) , most papers employ a vector autoregression (VAR) model or an error correction model (ECM) with homoscedastic disturbances to test for asymmetry in the parameters of the mean equation, as can be seen in Table 1 that lists a number of studies using data for the United States.
Although the relationship between gasoline and crude oil prices has been extensively investigated, there is no consensus on whether the relationship is symmetric or asymmetric, although the majority of the studies conclude in favor of an asymmetric relationship (as can be seen in Table 1 ).
Insert Table 1 In this paper we examine the relationship between crude oil and retail gasoline prices using recent advances in …nancial econometrics and macroeconometrics. In doing so, we use a structural VAR that is modi…ed to accommodate bivariate GARCH-in-Mean errors, allowing us to directly investigate the e¤ect of oil price uncertainty on gasoline prices. We use monthly data for the United States, over the period from January 1976 to September 2014, obtained from the Energy Information Administration, and estimate the model using full information maximum likelihood, avoiding Pagan's (1984) generated regressor problems.
We conduct impulse-response analysis to investigate whether the relationship between crude oil and gasoline prices is symmetric or asymmetric. We also investigate the robustness of our results to alternative measures of the price of oil and alternative model speci…cations.
Our principal result is that the relationship between crude oil and gasoline prices is asymmetric, consistent with the consensus opinion based on models di¤erent than ours. We also investigate the e¤ects of uncertainty about the price of oil on the price of gasoline. As a measure of oil price uncertainty, we use the conditional standard deviation of the forecast error for the change in the price of oil. We …nd that uncertainty about the price of oil has a positive and statistically signi…cant e¤ect on the price of gasoline and that accounting for oil price uncertainty tends to also change the estimated response of gasoline prices to oil price shocks. Our results are robust to alternative measures of the price of oil and alternative model speci…cations.
The outline of the paper is as follows. Section 2 presents the bivariate GARCH-in-Mean structural VAR that we use to investigate the direct e¤ects of oil price uncertainty on the price of gasoline and the relationship between gasoline and crude oil prices. Section 3 discusses the data and investigates their time series properties. Section 4 presents the main empirical results regarding the asymmetric relationship between gasoline and crude oil prices and the positive and signi…cant e¤ect of oil price uncertainty on the price of gasoline. In section 5 we investigate the robustness of our results to the use of real prices, two alternative oil price series, a bivariate GARCH-in-Mean BEKK model, and a formal symmetry test based on a nonlinear structural VAR, recently proposed by Kilian and Vigfusson (2011) . The …nal section brie ‡y concludes the paper.
2 The Structural GARCH-in-Mean VAR Our empirical model was developed in Elder (2004) to investigate the e¤ects of in ‡ation uncertainty. It has also been used by Elder and Serletis (2010) to investigate the e¤ects of oil price shocks and oil price uncertainty on the level of real economic activity. It is a bivariate structural VAR, modi…ed to accommodate GARCH-in-Mean errors.
We specify the vector z t to include the change in the logged price of oil, o t , and the change in the logged price of gasoline prices, g t . We assume the following conditional mean model
We specify the following equation for the conditional covariance matrix
where diag is the operator that extracts the diagonal from a square matrix. We impose the additional restriction that the conditional variances depend only on their own past squared errors and their own past conditional variances, so that the parameter matrices F j and G i are also diagonal. In fact, to deal with estimation problems in the large parameter space, we estimate the variance function (2) with r = s = 1. As can be seen from equation (1), the model allows contemporaneous oil price volatility, p h oo;t to a¤ect the change in the logged gasoline price by the coe¢ cient 21 .
The system is identi…ed by assuming that the diagonal elements of the contemporaneous coe¢ cient matrix B are unity, that B is lower triangular, and that the structural disturbances are contemporaneously uncorrelated (that is, the conditional covariance matrix, H t , is diagonal). The parameters are estimated by full information maximum likelihood, avoiding the generated regressor problems associated with estimating the variance function parameters separately from the conditional mean parameters. In particular, we use the estimation procedure described in Elder (2004) , in which the bivariate GARCH-in-Mean VAR, equations (1) and (2) , is estimated by full information maximum likelihood, by numerically maximizing the log likelihood function
with respect to the structural parameters B, C, , , C v , F , and G.
In doing so, we set the pre-sample values of the conditional variance matrix H 0 to their unconditional expectation and condition on the pre-sample values of z t . To ensure that H t is positive de…nite, we restrict C v > 0, F 0, and G 0, as in Engel and Kroner (1995).
Provided that the standard regularity conditions are satis…ed, full information maximum 
The Data
We use the U.S. re…ners'acquisition cost (RAC) for a composite of domestic and imported crude oil as a proxy for the price of oil, and the U.S. average retail price for regular un- gallon. We ignore the impact of these fuel tax changes in this study.
Although many homoscedastic VARs are estimated using variables in the levels, we estimate our GARCH-in-Mean structural VAR using logarithmic …rst di¤erences of the nominal crude oil and gasoline prices. In fact, we begin by checking the stationarity of both series using augmented Dickey-Fuller (ADF) unit root tests [see Dickey and Fuller (1981) Next we conduct Ljung-Box Q tests for serial correlation in each of the o t and g t series.
The Q-statistic is asymptotically distributed as a 2 (36) on the null of no autocorrelation.
The Q tests are reported in Table 3 and show that there is signi…cant serial dependence in both series. In Table 3 we also report Engle's (1982) Autoregressive Conditional Heteroscedasticity (ARCH) 2 test, distributed as a 2 (1) on the null hypothesis of no ARCH.
The test indicates that there is strong evidence of conditional heteroscedasticity in both series. 
Empirical Evidence
We estimate the bivariate GARCH-in-Mean structural VAR, equations (1) and (2), with two lags as suggested by the Schwarz (1978) information criterion (SIC), using monthly observations on the logarithmic …rst di¤erences of the nominal crude oil and gasoline prices over the period from 1976:4 to 2014:9 (a total of 462 observations). To ensure that our speci…-cation is consistent with the data, we calculate the SIC for the conventional homoscedastic VAR and the bivariate GARCH-in-Mean VAR. The Schwarz criterion includes a substantive penalty for the additional parameters required to estimate GARCH models, and so an improvement in the SIC suggests strong evidence in favor of our speci…cation. The SIC value for the structural GARCH-in-Mean VAR is 3400, considerably lower than that for the conventional homoscedastic VAR of 3122, meaning that our GARCH-in-Mean VAR captures important features of the data.
The point estimates of the variance function parameters of the GARCH-in-Mean VAR
[that is, equation (2)] are reported in panel B of Table 4 (under nominal prices) and provide further support for our speci…cation. In particular, there is statistically signi…cant evidence of both ARCH and GARCH e¤ects in both crude oil and gasoline prices. In fact, at a monthly frequency, the volatility process for the price of oil and also that for the price of gasoline is very persistent, as the sum of the ARCH and GARCH coe¢ cients is ( It is reported as the last entry in panel A of Table 4 (under nominal prices), and is positive and equal to 0:064 with a p-value of 0:039, meaning that higher crude oil price uncertainty tends to increase the change in the logged price of gasoline in a statistically signi…cant way over our sample period.
Insert Table 4 To assess the e¤ect of incorporating oil price uncertainty on the dynamic response of gasoline prices to an oil price shock, we plot the associated impulse responses in Figures Figure 2 we report the impulse response of the price of gasoline to small negative oil price shocks, again accounting for the e¤ects of oil price uncertainty. As can be seen, a small negative oil price shock tends to have a statistically signi…cant e¤ect on the price of gasoline, reducing its change by about 3:3 basis points after one month and increasing it by about 1:7 basis points after two months. A visual comparison of the impulse responses in Figures 1 and 2 suggests that the response of the price of gasoline to small positive and negative oil price shocks is likely to be asymmetric.
In Figures 3 and 4 we show the impulse responses of the price of gasoline to big (two standard deviation) positive and negative oil price shocks, respectively, in the same fashion as those for small shocks in Figures 1 and 2 . Again accounting for the e¤ects of oil price uncertainty, in Figure 3 we …nd that big positive oil price shocks have positive and statistically signi…cant e¤ects on the price of gasoline. In particular, a two standard deviation positive oil price shock tends to increase the price of gasoline immediately, inducing a jump in its change rate of about 7.5 basis points after one month, followed by a decline in the second month by about 4.8 basis points. The impulse response of the gasoline price to big negative oil price shocks is shown in Figure 4 and indicates that big negative oil price shocks have negative and statistically signi…cant e¤ects, immediately reducing the price of gasoline by about 6.5 basis points after one month. In fact, we …nd that the price of gasoline responds more to positive oil shocks than to negative ones, irrespective of their size, and that the positive e¤ects of big positive oil price shocks on the price of gasoline last longer than those of big negative oil price shocks.
Next, we compare the response of the price of gasoline to a small positive oil shock as estimated by our model [equations (1) and (2)] with that from a model in which oil price uncertainty is restricted from entering the gasoline price equation -that is, from a model with 21 = 0. In Figure 5 , the solid line represents the response of the price of gasoline to a small positive oil price shock in our model that accounts for oil price uncertainty (this is the same as the solid line in Figure 1 ; the error bands have been suppressed for clarity) and the dashed line represents the response of the price of gasoline to a small positive oil price shock when oil price uncertainty is restricted from entering the gasoline price equation (that is, when 21 = 0). As shown in the …gure, oil price uncertainty enhances the positive dynamic response of the price of gasoline to a positive oil price shock.
Finally, we can quantify the e¤ect of oil price uncertainty on the gasoline price, by using the estimated e¤ect of oil price uncertainty on the price of gasoline for realistic changes in the standard deviation of the change in the price of oil. For example, the estimated e¤ect of oil price uncertainty on the change of the price of gasoline is 0:064. The standard deviation of the change in the price of oil is 0:088. Therefore, the e¤ect of a one standard deviation oil price shock on the change in the monthly price of gasoline is 0:064 0:088 = 0:563%.
Robustness

Real Prices
In this section we investigate the robustness of our results to the use of real prices. We obtain real prices by dividing each of the crude oil and gasoline price by the U.S. consumer price index. We report the estimation results in the last column of Table 4 , exactly in the same fashion as those in the …rst column with the nominal prices. Again, the estimates of the variance function parameters (shown in panel B of Table 4 , under real prices) indicate statistically signi…cant ARCH and GARCH e¤ects for both the real price of oil and the real price of gasoline. Moreover, in panel A of Table 4 (under real prices), we see that the coe¢ cient on oil price uncertainty is positive ( b 21 = 0:074) and statistically signi…cant at 5% level, consistent with our earlier result, based on the use of nominal prices.
A GARCH-in-Mean BEKK VAR
We have used a structural VAR with GARCH-in-Mean errors. In this section we investigate to robustness of our results regarding the e¤ects of oil price uncertainty on gasoline prices by using a bivariate GARCH-in-Mean VAR with a BEKK (1,1,1) variance speci…cation, as in Engle and Kroner (1995) .
The mean equation is
e t j t 1 (0, H t ) , H t = 
where C, A, and B are 2 2 parameter matrices and C is upper triangular, ensuring positive de…niteness of the conditional covariance matrix H t . For more details regarding this model, see Rahman and Serletis (2011).
In the context of this model, consisting of equations (3) and (4), the primary coe¢ cient of interest is 21 -the coe¢ cient of p h oo;t in the mean equation (3) . It relates to the e¤ect of oil price uncertainty on gasoline prices.
The estimated value of 21 is 0:423 with a p-value of 0:028. This is positive and statisti-cally signi…cant at the 5% level, consistent with the evidence based on the structural model,
equations (1) and (2).
A Statistical Test of Symmetric Impulse Responses
We have argued that the impulse response functions based on the bivariate structural model with GARCH-in-Mean errors, equations (1) and (2) 
whereõ t is Hamilton's (2003) net oil price increase over the previous six months, de…ned as 
It tests whether the response of g t to a positive shock in the oil price growth rate of size is equal to the negative of the response of g t to a negative shock in the oil price growth rate of the same size, , for horizons h = 0; 1; :::; H. For a detailed discussion of the methodology, see Kilian and Vigfusson (2011) .
Since the Kilian and Vigfusson (2011) test depends on the size of the shock, , in Figure   6 we show the empirical responses of the change in the logged gasoline price to one and two standard deviation positive and negative oil price shocks, in a model with 2 lags and including the 6 month net oil price increase. In particular, the …gure plots the response of the change in the logged gasoline price to a positive shock, I g (h; ), and the negative of the response to a negative shock, I g (h; ). The impulse responses are derived for 6 months based on 10; 000 simulations and 50 histories.
As can be seen in Figure 6 , the response of the change in the logged gasoline price to positive shocks is larger than that to negative shocks, for both small (one standard deviation) and big (two standard deviation) oil price shocks. Moreover, in panel A of Table 5 , we report p-values of the null hypothesis (5), for both small shocks ( =^ ) and large shocks ( = 2^ ).
As can be seen, we generally reject the null hypothesis of a symmetric relationship between gasoline prices and crude oil prices at the 5% signi…cance level. 
Other Oil Prices
We have used the re…ners'acquisition cost for a composite of domestic and imported crude oil as a proxy for the price of oil. There are, however, other candidates for the oil price series, including the re…ners'acquisition cost for imported crude oil, the re…ners'acquisition cost for domestic crude oil, the price of West Texas Intermediate crude oil, and the U.S.
producer price of crude oil. We believe that for the purpose of investigating the relationship between the price of crude oil and the retail price of gasoline (and consistent with the gasoline production chain in the United States), the re…ners'acquisition cost for crude oil is the most appropriate price of oil to use.
However, in this section we investigate the robustness of our results to the use of the re…ners'acquisition cost for domestic crude oil and the re…ners'acquisition cost for imported crude oil. In panels B and C of Table 5 , we report p-values of the null hypothesis (5) with the RAC Domestic and RAC Imported oil series, respectively, in the same fashion as in panel A with the RAC Composite. We report results for both small shocks (one standard deviation shocks, =^ ) and large shocks (two standard deviation shocks, = 2^ ). In general, we reject the null hypothesis of symmetric impulse responses, consistent with our earlier conclusion.
We also investigate the robustness of our results regarding the e¤ects of oil price uncertainty on the price of gasoline to the use of the re…ners'acquisition cost for domestic crude oil and the re…ners'acquisition cost for imported crude oil. As reported in Table 6 , the e¤ect of oil price uncertainty on the change in the logged gasoline price is positive and statistically signi…cant at the 5% level when the RAC Domestic is used as the price of oil -b 21 = 0:069 with a p-value of 0:000. Moreover, the e¤ect of oil price uncertainty on the price of gasoline is also statistically signi…cant but smaller when the RAC Imported is used as the oil price (in this case, b 21 = 0:039 with a p-value of 0:000). We report volatility estimates in Table   7 based on the on the GARCH-in-Mean BEKK model. As can be seen, the e¤ect of oil 
Conclusion
We examine the relationship between crude oil and gasoline prices in the context of a structural VAR that is modi…ed to accommodate bivariate GARCH-in-Mean errors. We estimate the model using full information maximum likelihood, avoiding Pagan's (1984) generated regressor problems, and conduct impulse-response analysis to investigate whether the relationship between crude oil and gasoline prices is symmetric or asymmetric. Using monthly data for the United States (from January 1976 to September 2014), we …nd an asymmetric relationship, consistent with the consensus opinion in the empirical literature. We also investigate the e¤ects of uncertainty about the price of oil on the price of gasoline and …nd that oil price uncertainty has a positive and statistically signi…cant e¤ect on the price of gasoline. Our results are robust to alternative measures of the price of oil and alternative model speci…cations. 
